form germ tubes, appressoria, infection hyphae and haustorial mother cells on oil-containing collodion membranes. The cell walls of these infection structures were studied with the electron microscope and with FITC-labeled lectins before and after treatment with enzymes and inorganic solvents. Binding of the FITC-labeled lectins was measured with a microscope photometer. The enzymes pronase E, laminarinase, chitinase and lipase had different effects on each infection structure. Pronase treatment uncovered the chitin of germ tubes, appressoria and haustorial mother cells, but not of substomatal vesicles and infection hyphae. A mixture of a-and 13-1,3-glucanase which also contained chitinase activity dissolved germ tubes and appressoria completely, but not infection pegs, substomatal vesicles, infection hyphae and haustorial mother cells. After treatment with laminarinase or lipase, an additional layer, which is especially obvious over the substomatal vesicle, infection hypha and haustorial mother cell, bound to LCA-FITC. In the wall of the haustorial mother cell, a ring, which surrounds the presumed infection peg, had strong affinity for WGA after protease and sodium hydroxide treatment. The infection structures have a fibrillar skeleton. The main constituent seems to be chitin. This skeleton is more dense or has a higher chitin content in the walls of appressoria and haustorial mother cells. The fibrils of the skeleton extend throughout the cell wall of the germ tube and appressorium. They are embedded within amorphous material of complex chemical composition (a-1,3-glucan, 15-1,3-glucan, glycoprotein). The chitin of the infection peg, substomatal vesicle, infection hypha and haustorial mother cell is covered completely with this amorphous material. These resuIts show, that each infection structure has distinct surface and wall 
Introduction
The cell wall is responsible not only for fungal morphology, but also interacts with its environment. Fragments of fungal walls include oligosaccharins which function in plants as chemical messages with specific regulatory properties (Darvill etal. 1989 , Habreder et al. 1989 , Kessman and Barz 1986 , Lamb et al. 1989 . They may activate plant defense genes, suppress such responses or in the case of Nicotiana, even protect plants against infection by viruses ( Kopp et al. 1989) .
Rust fungi develop a series of highly specialized infected structures in order to reach the plant mesophyll. The germ tube of the uredospore grows on the plant cuticle, recognizes the stoma and forms an appressorium over the guard cells (Hoch etal. 1987) . From this appressorium, an infection peg penetrates the substomatal chamber and a substomatal vesicle develops. This structure elongates into the infection hypha and develops a haustorial mother cell at its tip.
Some rust fungi, e.g., Uromyees viciae-fabae produce these infection structures also on oil-containing col-]odion membranes in vitro. Isolation of single infection structures such as appressoria or infection hyphae has not yet been possible. Therefore, FITC-labelled lectins have been used to study the surface carbohydrates of such rust hyphae. Each infection structure, including haustoria, binds FITC-tabelled lectins in a typical pattern (Mendgen etaI. 1985 , Heath 1989 . Also the surface carbohydrate pattern changes during the development of appressoria (Kapooria and Mendgen 1985) . Phenomena associated with initial stages of fungal contact on host surfaces may play a critical role in the success of infection (Kunoh et al. 1990 ). It is not known how hydrolytic enzymes, which may also occur in the intercellular space of host plants (Fink et al. 1989) , influence the fungus. Furthermore, the enzyme and alkali treatments reveal internal structural of hyphal cell walls (Hunsley and Burnett 1970) . Typically the outer layers of the wall are soluble in dilute alkali leaving the inner layer as an insoluble residue. Tn Basidiomycetes, the alkali-soluble fraction contains a-l,3-glucan, in a number of cases also fragments of [3-1,3/1,6-D-glucan, while alkali insoluble polymers are chitin and J3-1,3/1,6-glucans (Wessels 1986 ). We tested the changes in hyphal walls after enzyme and alkali treatment with FITC-labeled WGA and LCA. Low temperature replicas of infection structures before and after such treatments gave impressions of the ultrastructural architecture.
Material and methods

Fungat material
Uromyces viciae-fabae (Pers.) Schroet. on Pu faba L. f, sp, "Con amor" was raised in a growth chamber under 16 h photoperiod (10,000iux) approx. 70% RH, and 20~ Fourteen-day-old plants were inoculated with a uredospore suspension (10 rag/10 ml tap water, containing 15 mg Talcum) and incubated in the dark at 18~--20~ and 100% RH for 20-24h. Uredospores were collected 14 days after inoculation and stored up to one week at 4~ before use. Collodion membranes containing 5 or 10 ~tl/ml paraffin oil (Wynn 1976) were floated on water and spread on agar before they were inoculated with uredospores in a settling 
Histoehemieal procedures
Nuclei and septa were stained with 5 gl/ml DAPI (4,6-diamidino-2-phenylindole. 2 HC1, Serva, in 0.05 M sodium phosphate buffer, pUT.2 for 5min) and 0.02% (w/v) Calcofluor [2 min after fixation in 2% (v/v) glutaratdehyde for 20 rain]. Fluorescence microscopy of inoculated host leaves was done using the method described by Rohringer etaI. (1976) .
Observations were made with a Zeiss Standard incident fluorescence microscope. A 365 nm excitation filter and a 420 nm barrier filter were used. For detection of carbohydrates, FITC-labeled tectins (Table 1) from Sigma were used in 0.0l M sodium phosphate buffer with 0.15 M NaCt, pH 7.2 (PBS). A drop oflectin in buffer (0.1 mg/ml) was placed on the membrane for 30rain. After washing with buffer (10 x ), the membrane was observed with the fluorescence microscope in glycerin/dest, water (1:I, v/v). To inhibit lectin binding, 0.2 mg/ml of the inhibitory sugar was incubated with the lectin solution (h l, v/v) for 30min and afterwards placed on the membrane. The WGA-inhibitory sugar was a chitin hydrolysate prepared according to Hankin and Anagnostakis (1975) . For the treatment with enzymes (Table 2) , infection structures on collodion membranes were mounted on microscope slides. A 50 gl drop of enzyme sotution was placed on the membrane and incubated for 20h at 100% RH and 37 ~ A treatment with sodium hydroxide (1 M) was performed for 30min at 20 "C. After incubation, specimen were washed ten times with the appropriate buffer to the enzyme and labeled with lectins as described above. The purity of some enzymes was tested with a colorimetric assay for reducing sugars and a radiometric assay for 3H-labeled chitin after Fink et al. (1988) . The substrates used were chitin, ~-l,3-glucan (laminarin), a-l,3/l,4-glucan (nigeran 1 mg/ml), ~-l,3/t,6-glucan (yeast glucan 1 mg/ml), a-l,4-glucan (starch l mg/ml) and a-l,3-glucan (1 mg/ml). The a-l,3-glucan was a gift of Prof. Dr. J. G. H~ Wessels, Rijksuniversiteit Groningen, Netherlands. Laminarinase contained 890pkat/mg protein ~-l,3-gtucanase activity, 44pkat/mg protein a-l,3-glucanase activity and 140cpm/h/mg protein chitinase activity. The ~-l,3-glucanase contained I43,200pkat/mg protein [3-1,3-glucanase activity and 61,200 pkat/mg protein ~-l,3-glucanase activity and 177,000 cpm/h/mg protein chitinase activity. Chitinase contained 28 pkat/mg protein 13-1,3-glueanase aeitivity and 60,800cpm/h/mg protein chitinase activity. Protease contained Fig. 1 . a Uredospore infection structures of Uromyces viciae-fabae. After staining with diethanol, the substomatal vesicle, infection hypha, secondary hypha and haustorial mother cell become visible within the plant. Germ tube and appressorium on the cuticle are out of focus ( x 500). b On the membrane, the fungus generally stops growing after hanstorial mother cell formation. Calcofluor stains walls and septa ( x 500). e Nuclear distribution in infection structures and the first-formed secondary hypha (DAPI and Calcoflnor staining). The haustorial mother cell has four nuclei, which are difficult to discern ( x 500) 47 pkat/mg protein laminarinase activity and 4,500 cpm/h/mg chitinase activity, For microscope photometry, a Leitz microscope photometer, equipped with a 100 W mercury lamp for epifluorescence was used with an automatic shutter system allowing measuring times of 0.25 s. The instrument was standardized to give a scale from 0-100 by using a measuring diaphragm of 2.2 x 10 gm and (a) a fluorescence standard (uranylgtas GG 17, from Zeiss, Oberkochen) or (b) 25 gM fluorescein diacetate solution in a chamber of 0.1 mm thickness, prepared after Jongsma etal. (1971) . It was focussed on a sharp gold edge on the cover slip. The t00 x, n.a. 1.3 oil immersion lens was used with the I2-fluorescence filter set (BP 4.50-490; RKP 510; LP 515). Ten to twenty infection structures of each variant were measured. As controls, infection structures were measured with lectins inhibited with an appropriate sugar (Table 1) , and in buffer alone.
Replica procedure
To obtain the replica from infection structures, collodion membranes were dipped quickly into liquid propane and transferred into liquid nitrogen. After freeze-drying at -80 ~ in the Edwards coating unit E 306, the samples were shadowed with carbon/platinum at -80 ~ and an angle of 30 ~ Samples for comparison were dried and shadowed at room temperature, The replicas were cleaned at room temperature in 0.25 M chromic acid for approximately 30 min. After washing in distilled water, they were mounted on pioloform-coated grids and examined with a Zeiss EM 10 C transmission electron microscope.
Results
Cytology of the in vitro induced infection structures
On collodion membranes with paraffin oil inclusions, uredospores of Uromyees viciae-fabae developed a series of infection structures (germ tube, appressorium, infection peg, substomatal vesicle, infection hyphae and haustorial mother cell). At 24 h after inoculation, about 22% of the germlings had produced haustorial mother cells. Stained with diethanol, the morphology of the artificially induced infection structures was similar to infection structures differentiated in host tissue ( Fig.  1 a and b ). Appressoria and haustorial mother cells fluoresced more intensively than other infection structures. Five percent of all haustorial mother cells had two nuclei, 41% had four nuclei, 13% five and 7% had six nuclei. In 22% of the haustorial mother cells, the number of the nuclei was not discernible (Fig. 1 c) . Sometimes a non-fluorescent dark spot could be seen in the wall of the haustorial mother cell (Fig. 2 a) .
Lectin binding to cell walls before and after treatment with enzymes or inorganic solvents
The lectin WGA bound to germ tubes and appressoria, but only faintly to infection pegs, substomatal vesicles, infection hyphae and haustorial mother cells (Figs. 2 a and 5). After incubation with LCA, substomatal vesicles, infection hyphae and haustorial mother cells exhibited more fluorescence than germ tubes and appressoria (Fig. 6) . Binding of the FITC-labelled lectins WGA and LCA to the untreated infection structures was successfully inhibited by specific sugars (Table 1) .
To study the chemical compostion of cell walls, uredospore infection structures were treated with different hydrolytic enzymes and/or inorganic reagents. Subsequently the binding rate of the two lectins was determined semiquantitatively with the microscope photometer. After a 20h incubation period, the enzymes changed the binding pattern of WGA to the infection structures considerably (Figs. 5 and 6 ). In contrast, treatment of the various infection structures with chitinase resulted in no more than a barely detectable change in the pattern of fluorescence (data not shown).
There was no visible difference in the reaction to the treatments between hyphae and hyphal tips. After treatment with pronase E, the binding rate of WGA to the germ tube, appressorium and haustorial mother cell increased (Fig. 5) . Treatment of the haustorial mother cell wall with pronase E revealed the presence of a structure in the form of a brightly fluorescent ring (Fig. 2 b) . Pronase E treatment did not reveal additional binding sites for LCA-FITC, but reduced lectin binding to the substomatal vesicle, infection hypha and haustorial mother cell (Fig. 6 ). Lipase treatment exposed binding sites at all infection structures. The effect was more prominent with the substomatal vesicle, the infection hypha and the haustorial mother cell. After treatment with laminarinase, the binding pattern of WGA depended on the concentration of the enzyme used. With low concentration (0.5 mg/ml) the binding to appressoria and germ tubes increased (data not shown). After application of a higher concentration (5 mg/ml), WGA binding to appressoria increased even more strongly (Fig. 5) . However, fluorescence intensity of the other infection structures remained unchanged (Fig. 2 d) . After this treatment and subsequent incubation with LCA, receptors for this lectin were disclosed everywhere (Fig. 6) . A mixture of ~-1,3-and ]3-1,3-glucanase which also included some chitinase activity dissolved the germ tube and the appressorium completely. The infection peg with the substomatal vesicle, the infection hypha and the haustorial mother cell remained and exhibited more intensive fluorescence after incubation with WGA-FITC (Figs. 2 e, f and 5).
After treatment with a sodium hydroxide solution and subsequent incubation with WGA-FITC, the walls of all infection structures (Fig. 2 c) fluoresced, with the exception of the germ tube, with much higher intensity than prior to treatment (Fig. 5) .
When the treatment with sodium hydroxide was followed by incubation with chitinase or laminarinase, different results were obtained (Fig. 5) . The subsequent laminarinase treatment revealed numerous binding sites for WGA on appressoria and haustorial mother Fig. 2 . a Before any treatment, WGA-F1TC binds mainly to germ tubes and appressoria of Uromyces viciae-fabae, but also faintly to haustorium mother cells. A dark spot in the haustorium mother cell wall is possibly the penetration peg ( x 500). b Treatment with protease increased binding of WGA to germ tubes and appressoria considerably. On the wall of the haustorium mother cell, a ring that surrounds the dark spot (cf. a) binds heavily to WGA ( x 900). e After treatment with sodium hydroxide, the infection structures exhibit overall binding with WGA. A ring around the penetration peg is obvious ( x 670). d Treatment with laminarinase resulted in binding of WGA to the appressorium, but not to the germ tube (x 670). e Treatment with an enzyme mixture (a-l,3-and [3-1,3-glucanase) dissolves the germ tube and the appressorium completely. Infection peg, substomatal vesicle, infection hypha and haustorial mother cell remain and the remnants bind to WGA. f Same as e, in interference contrast ( x 500) cells, few on the infection hyphae. The subsequent treatment with chitinase revealed no additional binding sites.
Ultrastructure of untreated and treated cell walls of the infection structures
Freshly frozen, untreated infection structures were well preserved after freeze drying and shadowing at -80 ~ The surface of germ tubes and infection hyphae differed considerably. Only the germ tube exhibited ends of fibrils, which seemed to reach out of the amorphous surface ( Fig. 3 a and b) . The surface of the infection hypha appeared more or less smooth but interspersed with many depressions (Fig. 3 c and d) .
Treatment of germ tubes with protease revealed microfibrils embedded in an amorphous material (Fig.  4 a) . After treatment with laminarinase, more fibrils were disclosed and the amorphous material seemed completely removed (Fig. 4 b) . This effect was less pronounced after treatment with sodium hydroxide (Fig.  4c) . During drying at room temperature, the amorphous material seemed to collapse and the fibrils became much more evident (Fig. 4 d) .
The surface of the substomatal vesicle did not change substantly after treatment with protease (Fig. 4 e) . The surface became rough after laminarinase treatment (Fig. 4 f) and only the treatment with sodium hydroxide disclosed some fine fibrils within an amorphous matrix (Fig. 4 g ).
Discussion
Germ tubes and appressoria of infection structures of rust fungi are characterized by a high affinity for WGA (Mendgen etal. 1985 , Kapooria and Mendgen 1985 , Heath 1989 ). This lectin may bind to the small fibrils that reach out of the amorphous coat. Chitin has already been detected in germ tubes of rust fungi with other methods (Trocha and Daly 1974 , Joppien 1976 , Karminsky and Heath 1983 . Also, cross sections exhibited chitin in the walls of Phakopsora pachyrhizi (Ebrahim-Nesbat etal. 1985) and Puccinia graminis (Chong etal. 1985 , Harder etal. 1986 ). This chitin seems to be mixed with ~-l,3-glucans, ct-l,3-glucans and proteins. Glycoproteins were described first for germ tubes of Puccinia graminis, together with mannose, galactose, fucose, glucose, ribose and rhamnose (Kim et al. 1982) . They can be removed with protease. The chitin seems to be covalently bound with [3-glucans (Wessels 1986 ) and also with a-glucans, since the mixture of a-and ]3-glucanase dissolved germ tubes and appressoria completely. We do not know how much the impurities of the enzyme, such as chitinase, add to this effect. The high values of WGA-FITC fluorescence of the appressorium suggest that the latter has a higher chitin content. protease, laminarinase and sodium hydroxide. In the cell wall of the germ tube, fibrils become visible under the amorphous layer after protease (a) and laminarinase (b) treatment. After treatment with sodium hydroxide, a network of fine interwoven fibrils is uncovered on the infection structure. Depending on the penetration method, the fibrils appear as a dense network after drying and shadowing at 20 ~ (d and g), or even more delicate.after freeze-drying and shadowing at -80 ~ (e). The surface of the substomatal vesicle remains rough after treatment with protease (e) and laminarinase (f). When treated with sodium hydroxide, a dense fibrillar network appears (g). a-g: x 38,000
The structure of germ tubes and appressoria appears to correlate with the function of the morphological stages of development. Glycoproteins or proteins play a major role in adhesion of germ tubes to the host surface and may be responsible for the recognition of the stomatal lip that induces appressorium tbrmation (Epstein et al. 1985) . The glycoproteins or parts thereof can elicit unspecific defense reactions in plants (Kogel etal. 1988 , Moerschbacher etal, 1988 . The appressorium may need a thick wall with high chitin content to resist the high turgor pressure, obviously essential for infection of the host cell (Howard and Ferrari 1989) .
Some rusts, e.g., Phakopsora pachyrhizi (Koch etal. 1983 ), penetrate from their appressoria directly into epidermal cells necessitating that their appessoria are capable of withstanding high turgot pressures. The cell wall architecture of the substomatal vesicle and the infection hypha is quite different from that of the earlier infection structures. These structures appear to be covered with a-l,3-glucans and 13-1,3-glucans on their surfaces, but their treatment with glucanases did not reveal a substantial amount of underlying chitin. This effect is even more pronounced over the infection hypha. Also, the electron microscope reveals no evi- glycoproteins with different glycosyl and fucosyl residues are mixed with these former constituents or form more or less discrete layers. The application of enzymes for the digestion of infection structures has added further evidence for the quite abrupt change in structure from the appressorium to the substomatal vesicle. This seems to indicate that substantial changes in wall chemistry occur as a normal morphological ontogeny event. There is also evidence that a similar phenomenon occurs during differentiation of the penetration peg and the haustorium (Heath 1989) . The meaning of this very complex wall structure, which is also obvious in cross sections (Chong etal. 1985, Heath and Heath 1975 ) is still unknown. Perhaps that the very special mixture of surface carbohydrates is responsible for a signalling between host and parasite and may prepare the host cell for the subsequent establishment of the haustorium ).
